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ABSTRACT 
Phosphorus forms and availability in organically-managed grasslands 
Saraswati Poudel Acharya 
Phosphorus (P), an essential element for plants and animals, can be a limiting nutrient in 
organically-managed soils. To better understand P dynamics in organically-managed grasslands, 
P forms and availability in certified organic grasslands at the WVU Organic Research Farm were 
determined. The experimental design was a randomized complete block established in 2000 and 
has been maintained continuously with certified organic methods. We compared three Usage 
systems (Pasture, Buffer, and Hay) each at two levels of Fertility (High and Low). Phosphorus 
forms were determined by sequential fractionation with H2O, NaHCO3, NaOH and HCl. 
Extractable P was determined using several soil test procedures common to the Northeastern 
United States (Mehlich 1, Mehlich 3, Morgan, and Modified-Morgan). In addition, the physical 
and chemical properties soil texture, pH, EC, % carbon and aluminum (Alox) and iron (Feox) 
oxides were determined. The soil characteristics measured showed no significant differences 
with respect to Usages or Fertility. Also, the interaction effect of Usages * Fertility was not 
significant. The results showed that extractable P determined using all four soil test procedures 
was low in all treatments, which suggests that the application of organically approved P-
containing materials could increase forage production. Sequentially-extracted P followed the 
order NaOH-P > NaHCO3-P > HCl-P > H2O-P. It has been suggested that all of H2O extracted P 
and part of NaHCO3 extracted P is available to plants. About half of the total soil P was extracted 
by the sequential procedure and about half of that was in the operationally-defined organic form. 
The results showed that the sum of extractable fractions of P ranged from 42 to 45 percent of 
total P. A significant portion of P is not extractable and is not available to plants. Also, among 
the available portion, only a small concentration of P exists in the soil solution in forms suitable 
for biological uptake. Thus, P may have relatively high total concentrations in soils but in many 
cases it is immobilized and becomes unavailable to plants. The Langmuir isotherm 
characterization showed that the soils from this grassland have high P sorption capacities. The 
reinterpretation of sorption/desorption data indicated that even when mineral P is added, much of 
that P is bound  to the soil and very little P remains in soil solution. This suggests that the 
mineralization of organic P is a key factor maintaining the productivity of these soils. 
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Introduction and Literature Review 
The increased demand for food production can be met partly by improving the 
productivity of grasslands used to produce livestock. Grasslands are areas where the vegetation is 
dominated by grasses (Poaceae) and other herbaceous (non-woody) plants (forbs). Grasslands are 
of vital importance for raising livestock for human consumption, milk and other dairy products, 
and fiber. They may occur naturally or as the result of human activity. Grasslands have multiple 
benefits such as nutrient cycling, building up organic matter, providing forage for livestock, and 
aesthetic value (Atkin, 2006). 
In the eastern United States there are some 40 million ha of land with little or no potential 
for commercial row cropping but are favorable for forage production (Van Keuren, 1976). In 
West Virginia, the total area of farm land is 1.40 million hectares (22.4 % of the total land area) 
of which 0.21 million hectares is under Pasture (National Agricultural Statistics Services, 2005), 
and pasture-raised beef and sheep production are the major agricultural activities. The hills and 
uplands of the Appalachian region have limitations on agricultural productivity because of 
climate, soil and physical features. Further, much of the soils in WV are acidic (Ritchey and 
Snuffer 2002), low in native fertility and found on steep slopes. A forage- based cropping system 
allows economic use of land unsuitable for production of arable crops. Grassland is more 
efficient in reducing erosion because of the fibrous mass of roots and basal cover that bind soil 
particles which makes grass-based farming systems ideal for reducing runoff and erosion and 
improving sustainability of production on the soils of West Virginia. 
Organic farming is a form of agriculture that relies solely on ecological techniques such 
as within-farm nutrient cycling, crop rotation, green manure, compost, and biological pest 
2 
 
control (Lampkin, 1990). The market demand for organically produced food is 5 to 10 percent 
per year (USDA-ERS, 2014) and there are large price premiums for organic products. Given that 
80% of farms in West Virginia have incomes less than $10,000, organic livestock production has 
the potential to significantly increase farm incomes if important production constraints can be 
overcome, including maintaining soil fertility.  
Nitrogen availability in grassland soils can be managed with leguminous forages and so 
the most likely limiting nutrient is phosphorus (P). Phosphorus is an essential plant 
macronutrient required for adequate growth and development of roots and shoots as well as 
many biochemical processes. The function of P within plants includes energy storage, energy 
transfer as well as acting as a building block for deoxyribonucleic acid (DNA) and ribonucleic 
acid (RNA). Adequate P levels in the soils are essential to produce agricultural crops. The plant 
availability of phosphate in soil is controlled by the diffusive flux of phosphate from the 
surrounding soil medium towards the root (Mengel 1982).  Detailed information about the 
chemical composition of soil P is fundamental to an understanding of plant nutrient and soil 
biogeochemical cycles as soil P forms vary widely in bioavailability (Griffin et al. 2003). It is 
also needed to inform P management decisions. Because the economic returns from grazing are 
typically low and P fertilizers are relatively expensive, data on the effects of management 
practices on P availability are needed. This is especially true in organic farming systems because 
they are particularly complex and little research are available. 
Soil Phosphorus 
Phosphorus occurs in soils as the trivalent phosphate ion; a phosphorus atom bonded to 
four oxygen atoms. (Figure 1.1), which is how it occurs in minerals, or as organophosphates in 
which there are organic molecules attached to one or more of the oxygen atoms.   
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Figure 1.1 Structure of Phosphorus 
In solution it can exist in any of three forms (H2PO4
-
, HPO4
-2
 and PO4
-3
), depending on 
the pH of the system (Figure 1.2). Phosphorus availability is at its maximum at pH range of 6.0 
to 7.0 therefore the two ionic forms readily available to plants are HPO4
2-
 and H2PO4
-
. 
 
Figure 1.2 Log concentration-pH graph showing the speciation of orthophosphates as a function 
of pH. (Source: en.wikipedia.org). 
Inorganic phosphate forms highly insoluble compounds with divalent and trivalent 
cations, like Fe 
3+
 and Al 
3+
, in acid soils and Ca
2+
 in near neutral and basic soils (Figure 1.3). 
Phosphate is also readily adsorbed by iron oxides in acid soils and calcium carbonate in alkaline 
soils. As a result of these reactions, soil solution P concentrations are very low, typically in the 
low ppb range. Only a small concentration of available P (<0.01 to 1 ppm) exists in the soil 
solution for biological uptake (Pierzynski et al., 2000). Soil solution P concentrations can range 
from 0.001mg P L
-1
 in very infertile soils to 1 mg P L
-1
 in very fertile soils, but concentrations 
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near 0.05 mg P L
-1
 are more typical (Paul and Clark 1996). Soil solution P moves to plant roots 
primarily by diffusion, which is a slow process (Rowell et al. 1967 in Tinker and Nye 2000). As 
plants deplete the soil solution near the roots, P is released from the surface of soil particles into 
solution which may meet plant requirements (Abdu, 2006).  Because this concentration is at or 
near the threshold requirement for plant growth, there is a need to understand the complex 
biogeochemical cycle of soil P, especially in limited-input systems like organic grasslands. 
 
Figure 1.3 Fixation of P by different ions found in the soil. (Source: www.ic.ucsc.edu) 
Phosphorus in agricultural soils originates primarily from two sources, the parent material 
from which the soil developed or P-containing amendments applied by producers (Figure 1.4) 
(Walker and Syers 1976; Frossard et al. 1995). Parent material soil P originates from the 
weathering of primary minerals such as apatite (Figure 1.4). However, primary mineral 
weathering is typically insufficient for agricultural production because these dissolution reactions 
can take years (Walker and Syers 1976). Conventional agricultural producers add inorganic P 
fertilizers (Monoammonium phosphate, Diammonium phosphate, Triple superphosphate) to 
supply immediately available P. For organic production, synthetic chemical fertilizers are not 
allowed and so the important P-inputs are apatite, plant residues and livestock wastes. Animal 
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manures are a rich source of P (and N and K) since only a small percentage (3-30%) of the 
nutrients in the feed ingested by the animal are assimilated into its tissues; the remainder being 
excreted in feces and urine (Tamminga 1992). Phosphorus from plant residues and animal wastes 
is primarily in the organic form and so must be mineralized before it can be taken up by plants, a 
biologically controlled process that depends on the carbon: P ratio. Application of manure results 
in higher soil extractable and water soluble-P concentrations (Penn et al. 2007). 
Phosphorus is lost from the system by product harvest and removal, runoff and leaching 
(Figure 1.4) (DeMent 2008). Although there is not a volatile P component as occurs in the soil 
nitrogen cycle, P can be deposited and bound to soil particles.  Leaching is the removal of 
dissolved P from soil by vertical water movement. Runoff is the removal of soil-bound and 
dissolved P by overland flow. Phosphorus leaching is not usually observed except in very sandy 
soils and most of the P pollution problems are associated with manure and fertilizer runoff. 
 
Figure 1.4 The phosphorus cycle. (Source: msucares.com) 
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The other important soil P process is adsorption and desorption (Figure 1.4). Adsorption 
is the chemical binding of plant-available P to soil particles, which makes it unavailable to 
plants. Desorption is the release of adsorbed P from its bound state into the soil solution. 
Adsorption is the accumulation or adherence of materials on a surface of soil particles; 
absorption is the diffusion into interior spaces and assimilation within the particles themselves. 
Sorption is the general term used when the specific removal process is not known. Precipitation 
reactions can occur concurrently and so are often included within the sorption term (Axt and 
Walbridge 1999, Rhue and Harris 1999). The phenomenon of P-sorption in soils is widespread 
and therefore of agricultural importance (Barrow, 1978). Soils with high P-fixation capacity 
result in low soil solution P which decreases crop yields (Egwu et al. 2010). The sorption 
reactions of P in soil have been extensively studied for both agronomic (Ozanne and Shaw, 1967; 
Fox and Kamprath, 1970) and environmental purposes (Zhang et al., 2005). Since only aqueous 
P is plant available, sorption and desorption are dominant process controlling the biologically-
available concentration of P and also for the management of P fertilizer (Zhou and Li, 2001).  
Sorption processes in soils are quantified with one or more empirical models or sorption 
isotherms. These are; the linear isotherm 
        (1) 
where 
S = amount of P sorbed by the solid phase 
KD = Distribution or sorption coefficient (slope) 
Ce = equilibrium solute concentration 
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Sorption between charged surfaces and charged solutes is rarely linear except over very small 
equilibrium concentration ranges. The Freundlich isotherm accounts for sorption non-linearity, 
      
  ⁄
 (2) 
where Kf
 
 is the empirical Freundlich constant and 1/n is less than 1 for concave isotherms and 
greater than 1 for convex isotherms. For surfaces that have a fixed number of sorption sites, the 
Langmuir isotherm is used, 
  
        
    (  )
  (3) 
where, 
S= adsorbed P (mg/kg) 
Smax= sorption maximum (mg/kg) 
EQ= P concentration in solution after 24-h equilibration period (mg/L) 
KL=Langmuir constant related to binding energy (L/mg) 
Equilibrium concentrations are measured directly and can have any solution mass or 
number concentration unit. Sorbed concentrations are determined by difference from the known, 
initial concentration unless the reaction is known to be completely reversible. Sorbed 
concentration units are mass or number per mass of soil (or specific surface area). All empirical 
constants are fit by regression; nonlinear regression for the Freundlich and Langmuir isotherms.  
The two adjustable parameters in the Langmuir model are the P sorption maximum 
(Smax), and KL a binding parameter that is related to bonding energy. A large KL value indicates a 
high affinity of P for the soil surface.  
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Many soil properties affect P sorption. As the amount of clay increases, P-sorption 
capacity increases as well because clay particles have a tremendous amount of surface area for 
which phosphate sorption can take place (Linquist et al. 1997). Soil pH influences P sorption. pH 
is a master variable controlling many biological and chemical processes. In basic soils (pH > 
8.5), Ca will bond to P to form an insoluble precipitate (Adam et al. 2006). However, decreasing 
the pH from 8.5 to more neutral pH solubilizes Ca and P is released in the soil solution. In 
addition, at pH < 5.5, Al ions present in the soil solution form Al-phosphate precipitates. So, 
with respect to pH, P is more bioavailable in the pH range of 6.0 to 7.0 (Brady and Weil 2008). 
Soils possessing a pH outside of this range would be expected to have a greater P sorption 
capacity (DeMent 2008).  
Minerals like calcium carbonates and Fe and Al oxides have been found to enhance P 
sorption (Harrell and Wang, 2006). Calcium is present in soil with basic pH and was found to 
enhance P sorption in such soils (Richardson 1999). Amorphous Fe and Al oxides have been 
found to enhance P sorption in acidic soils (Richardson 1999) and are responsible for the severe 
P fixation that occurs in the red soils. Acid ammonium oxalate removes non-crystalline and 
poorly-crystalline inorganic forms of iron (Fe) and aluminium (Al) from soil (Ross and Wang 
1993). The concentration of ammonium-oxalate-extractable Fe and Al in the soil has consistently 
been shown to be one of the strongest predictors of a soil’s ability to sorb P (Richardson 1985, 
Bruland and Richardson 2004). 
Soil organic matter (SOM) is also known to affect P sorption processes although the 
effect is not always predictable. Organic matter itself has little ability to strongly fix P, unless the 
organic matter molecule contains complexed iron or aluminum that can act as a bridging ligand. 
Larger organic matter molecules can adhere to clays, occupying multiple sites and physically 
9 
 
block P sorption (DeMent 2008). Organic matter can also inhibit crystallization of pre-existing 
amorphous oxides, thus indirectly enhancing P sorption (Darke and Walbridge 2000) because 
amorphous oxides typically have larger P sorption capacities than crystalline oxides (Torrent et 
al. 1994). Finally, organic matter can be a source of P through mineralization processes.  
Soil P can be broadly categorized into two groups, organic P (Po) and inorganic P (Pi). 
Organic forms of P are found in humus, decaying soil flora and fauna and in animal excreta, and 
constitute 29 to 65 % of total soil P (Harrison, 1987). The inorganic fraction of P originates from 
the addition of inorganic fertilizers, manures and weathering of primary minerals such as apatite 
and secondary minerals such as Ca and/or Mg phosphates and Fe and Al phosphates (Sylvia et 
al. 2005; Morgan 1997). Phosphorus in organic materials is released by a mineralization process 
involving soil organisms. The activity of these microbes is highly influenced by pH, soil 
moisture and temperature. A large percentage of the P in grassland soils is in organic form 
(Wells and Saunders 1960; Kaila 1963). The separation and identification of different forms of P 
in soil is necessary to understand P availability. Hedley et al. (1982) developed a sequential 
fractionation that differentiates between bio-available and unavailable forms of soil P and 
conceptualizes the forms within the P cycle. The most common approach employs extracting 
with a series of increasingly stronger extractants, for example H2O, NaHCO3, NaOH and HCl. It 
has been suggested that H2O extracts “loosely bound P”, followed by extraction of iron- and 
aluminium-bound P with a combination of alkali reagents (0.5M NaHCO3, 0.1M NaOH) which 
is then followed by extraction with acid (1M HCl) to recover calcium-bound P (Pierzynski et al. 
2005). NaOH-extracted P is associated with amorphous Fe and Al hydroxide and clay minerals 
and is of lower plant availability (Cross and Schlesinger, 1995). HCl-P is considered to be 
occluded Ca-bound P and is stable (Cross and Schlesinger, 1995). Alkali extraction selectively 
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removed P associated with aluminum (Al) and iron (Fe), while subsequent extraction with acid 
removed calcium (Ca)-P (McDowell et al. 2003).  
The water extractable P pool and the bicarbonate-Pi are the soil P fractions that are easily 
exchanged from soil particles into the soil solution and these forms of P are readily available to 
plants. The bicarbonate-Po can be mineralized by microbes making it immediately available to 
plants for uptake (Anderson and Magdoff, 2005). The NaOH-Pi and Po are the soil P forms that 
are less available to plants because the P is bound or precipitated onto hydrous oxides or clay 
edges. However, it has been suggested that NaOH-Pi can serve as a source of P for plants if the 
water and NaHCO3-Pi fractions are extremely low (Zhang et al. 2004). The HCl removes the P 
from the internal surfaces on the soil aggregates. Typically the HCl extract is a measure of Pi 
because the dilute acid is not strong enough to extract organic carbon (C) or Po from soils. This 
Hedley sequential phosphorus fractionation has been frequently used by researchers interested in 
the influence of management decisions on pools of P in the soil, including their availability to 
plants and vulnerability to loss over time (Margaret, 2009). 
A complete fractionation of soil P to make fertilizer recommendations is beyond the scale 
that any routine soil testing laboratory could conduct. Therefore, an index of relative soil P 
availability is assessed with soil test extractants. These extracting procedures have been selected, 
correlated and calibrated to provide agronomically optimal P fertilizer recommendations that are 
broadly applicable to the soils of a State. Each State chose its extractant independently and so 
different extractants are used by different states, even within a relatively small region like the 
Northeastern US. The Northeastern states use one of four soil extractants to determine the 
nutrient status of soils. These are Mehlich 1, Mehlich 3, Morgan and Modified Morgan. Each 
extractant gives different numerical values for the soil P level. Although there are mathematical 
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formulas to convert the result of one method to another, the correlations are not always simple or 
strong. In order for the results from this work to be broadly applicable to the soils of the region 
all common extracting solutions from the Northeastern region were used (Wolf and Beegle, 
1995). 
The West Virginia University (WVU) Organic Research Farm is one of the few organic 
farming studies where replicated experiments can be carried out in a whole-farm system. It is 
also one of the only facilities in the Northeastern United States where research on organic 
livestock production systems is being conducted. It was established in 2000 and has been 
maintained continuously with certified organic practices. Since such long term experiments are 
not common, especially in organic systems. The WVU Organic Research Farm is uniquely 
situated to evaluate the effects of forage management practices on soil processes. For purposes of 
the present report, the permanent grassland plots are treated as a separate experiment, within the 
farming systems experiment. The experimental design was a randomized complete block with 
three management Usages (Pasture, Buffer and Hay) each at two levels of fertility and stocking 
rate (High and Low) with three replications (Blocks). 
Preliminary soil test analyses in 2011 indicated that Mehlich 1 extractable P was smallest 
in the Buffer treatments and largest in the Pasture treatments. The Hay treatment was 
intermediate. We hypothesized that this is directly related to the differences in SOM 
concentration, specifically the concentrations and availability of the soil organic P that occur as a 
consequence of these forage management systems. Therefore, the objective of this study was to 
fractionate soil P in the Hay, Pasture and Buffer Usages. In addition we compared soil test 
extractable P concentrations using soil test extractants common to the Northeastern U.S. and 
quantified the effect of grassland management Usages on P sorption and desorption processes. 
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Methodology 
The WVU Organic Research Farm is located along Rt. 705 in Morgantown, WV at an 
elevation of 381m. Approximately 20% of the acreage is ≤ 6% slope (tillable land); 60% has 
slopes of 6-25% (perennial crops only, pasture, hay, tree fruit, etc.), and approximately 20% of 
the acreage has slopes greater than 25% (pasture or forest only, too steep for tractors). Farm soils 
are predominately silt loams in the Tilsit, Dormont and Guernsey series (Wright et al, 1982). 
Permanent grassland plots were established in 2000 as part of a farming systems experiment and 
have been maintained continuously using USDA National Organic Program methods (USDA, 
1997). For purposes of this report, the permanent grassland plots are treated as a separate 
experiment, within the farming systems experiment. The experimental design was a randomized 
complete block with three management Usages (Pasture, Buffer and Hay) each at two levels of 
fertility and stocking rate (High and Low) with three replications (Blocks) (Figure 2.1 and 2.2). 
The Pasture management was rotationally grazing with sheep three or four times per year and 
never mowed for Hay and never occupied in winter. Both Hay and Buffer Usages were mowed 
annually for first cut Hay in May/early June. Subsequently they were grazed with sheep but in 
August/September the aftermath Hay was cut on Hay plots. The result was that Hay plots were 
cut twice for Hay and grazed one or two times whereas the Buffer plots were cut once for Hay 
and grazed two or three times. The number of times plots were grazed depended on weather 
conditions. Hay and Buffer plots were occupied in winter (January – March) by sheep at the 
same stocking rate as that used the previous year and Hay fed on the plots such that all plots 
received similar amounts of the Hay that had been removed the previous year. The high fertility 
treatment received 22.5 Mg ha
-1
 (10 tons/acre) of dairy manure compost in 2000 which 
corresponded to 118 kg N ha
-1
, 30 kg P ha
-1
 and 78 kg K ha
-1
 and had a higher, variable stocking 
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rate. The low fertility treatment did not receive any manure and had a lower, variable stocking 
rate. Stocking rates were decided yearly in April and remained fixed for 12 months. Rates varied 
from seven to 10 ewes and their lambs ha
-1
 at the high rate and six to eight ewes and their lambs 
ha
-1
 at the low rate. All plots were limed in 2000 at the rate of 4,000 kg ha
-1
 according to WVU 
Soil Test Laboratory recommendations.  
 
Figure 2.1: Study site showing Blocks 1 and 3. 
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Figure 2.2: Study site showing Block 2. 
Surface soil samples (0 - 7 cm) were collected in May-June 2012 from each treatment in 
each block. There is some seasonal variation in P in the soil. The plant uptake is maximum at 
May- June (Dr.Griggs, personal communication). Approximately 350 individual cores were 
collected and composited from the 18 plots. The soils were air – dried, crushed to pass a 2-mm 
sieve and stored at room temperature in plastic bags until needed. 
The sieved soil was used to determine the soil physical and chemical properties, texture, 
percent organic matter (SOM), total carbon and nitrogen, soil pH and electrical conductivity 
(EC). Soil test extractable Ca, Mg, K and P were determined with the common methods used in 
the Northeastern U.S. (Mehlich 1, Mehlich 3, Morgan and Modified Morgan) using standard 
methods (Wolf and Beegle, 1995). All element concentrations were quantified by Inductively 
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Coupled Plasma (ICP) (Optima 2100 DV, Perkin-Elmer Corp, Norwalk, CT). Two sub samples 
were used for all measurements. The wavelengths for Ca, Mg, K and P were 317.93, 285.21, 
766.49 and 213.62 nm respectively.  
Soil Particle Size Analysis 
Soil particle size (% sand, % silt and % clay) was determined in duplicate using the 
pipette method (Kilmer and Alexander, 1949; Gee and Bauder, 1986). Forty g of soil was 
weighed into a preweighed fleaker and 10 mL of hydrogen peroxide (30% wt.) was added to 
begin removal of organic matter. Addition of hydrogen peroxide caused samples to bubble and 
froth vigorously. Once bubbling ceased, fleakers were placed on a hot plate set at approximately 
60-70⁰ C. Additional hydrogen peroxide was added in 5 ml increments while the fleaker 
remained on the hot plate and the reaction was allowed to proceed until most of the organic 
matter was oxidized, indicated by lack of bubbling.  
Once organic matter was removed, samples were oven dried at 105°C for 24 to 48 hrs. 
Completely dried samples were removed, allowed to cool and weighed to record dry soil weight. 
Then 10 ml of sodium hexametaphosphate (50 g/L) was added to each fleaker as a dispersion 
agent. Using approximately 100 to 150 ml deionized distilled water; all of the contents in the 
fleaker were carefully transferred into a stainless steel container. Each sample was mixed on a 
mechanical milkshake mixer for 5 minutes. Samples were then washed from the stainless 
container into 1 L volumetric settling columns and filled to the final volume with DDI water. 
Samples were mixed end-over-end for 1 min and then allowed to settle for a specific amount of 
time as determined by Stoke’s Law (Eq. 4). 
   
 (     ) 
 
   
  (4) 
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Where,  
Vt = terminal settling velocity of the solid particle 
g = gravitational acceleration 
ƍs = density of settling particle 
ƍw = density of water 
d= diameter of particle 
µ = dynamic viscosity 
After settling, the surface 25 mL of liquid from each column was pipetted into a pre-
weighed empty beaker to determine the mass of suspended clay particles. The remaining 
contents in the settling column were emptied through a US # 270 (0.053 mm) sieve to collect 
sand-sized particles. The sand in the sieve was washed with tap water to remove all silt. Washing 
continued until water running through the sieve was completely clear. Once washed, the sand 
was transferred to a pre-weighed beaker. Beakers containing clay and sand were oven dried at 
105°C for 24 to 48 hrs. Dried beakers were reweighed to determine the amount of sand and clay 
of the total soil sample. The mass of each fraction was determined and then converted to a 
percentage. Percent silt was determined by difference. 
Soil pH and EC 
To determine pH, 1g of soil was combined with 2.5 mL of distilled deionized water. The 
mixture was then given a manual shake for about 15 minutes, and then allowed to equilibrate for 
45 minutes. A Mettler Toledo SevenEasy pH meter was used to take the pH readings. EC was 
measured on the same soil samples using a Mettler Toledo SevenCompact conductivity meter. 
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Amorphous Iron and Aluminium Oxide Content 
The concentration of amorphous iron oxides (FeOx) and aluminum oxides (AlOx) in each 
sample was measured using an ammonium oxalate extraction procedure (Ross and Wang, 1993). 
Duplicate soil samples were weighed to the dry-weight equivalent of 1 gram and placed into 50 
mL polypropylene centrifuge tubes and dosed with 40 mL of acid-oxalate reagent (0.2M 
ammonium oxalate + 0.2M oxalic acid) adjusted to a pH of 3.0 by adding either ammonium 
oxalate or oxalic acid. Samples were shaken in the shaker at 120 rpm for 4 hours. Each sample 
was then centrifuged and filtered through Whatman 42 filter paper and Fe and Al were 
determined by ICP as described above. 
P Sorption Analysis 
P sorption and desorption were done in 0.01 M calcium chloride solution (Jaszberenyi 
and Loch, 1996). A representative 1-gram (dry-weight equivalent), sieved samples of soil were 
placed into 50-mL polypropylene centrifuge tubes. These samples were dosed with 30 mL 
KH2PO4 solution prepared in 0.01M CaCl2 solution containing 0, 0.5, 1, 5, 10, 25, 50 or 100 mg 
P L
-1
. The soil solutions were then placed on a reciprocating shaker for 24 hours. Samples were 
then removed, centrifuged at 2000 rpm for 30 minutes and then filtered through a 0.45-µm 
membrane filter. The procedure was performed in duplicate. Total P in filtrates was determined 
by ICP as described above. 
P Sorption Isotherm 
Sorbed P was calculated as the difference between the initial P and final P concentrations 
corrected for the solid to solution ratio and fit with the non-linear Langmuir equation (Eq. 3). 
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P Desorption Analysis 
To each tube from the sorption experiment, 30 mL of 0.01M CaCl2 was added. The 
samples were shaken for 24 hours, centrifuged, filtered and P concentration was determined by 
ICP as described above. A single point desorption isotherm was determined. 
Extractable Nutrients 
Four common extractants used in the Northeast were used to determine extractable 
nutrients (Table 2.1). The compositions of these extracting solutions were Mehlich 1: (0.0125 M 
H2SO4 + 0.05 M HCl); Mehlich 3: (0.2 M CH3COOH, 0.25 M NH4NO3, 0.015 M NH4F, 0.013 M 
HNO3, 0.001 M EDTA; Morgan: (0.72 M NaOAc + 0.52 M CH3COOH); Modified Morgan: 
(0.62 M NH4OH + 1.25 M CH3COOH). Standard methods used for all, including a solid to 
solution ratio of 1:5 (w/v) and a 5 minute extraction time (Wolf and Beegle, 1995). 
 
Table 2.1 Soil extractants, extraction ratios and times used to determine nutrients availability in 
the Northeastern Region of USA. 
 
Extractant Soil: Solution Extraction time Repln Reference 
 (W/V) (min) (n)  
Mehlich 1 1:5 5 2 Wolf and Beegle, 1995 
Mehlich 3 1:5 5 2 Wolf and Beegle, 1995 
Morgan 1:5 5 2 Wolf and Beegle, 1995 
Modified Morgan 1:5 5 2 Wolf and Beegle, 1995 
Mehlich 1: (0.0125 M H2SO4 + 0.05 M HCl). 
Mehlich 3: (0.2 M CH3COOH, 0.25 M NH4NO3, 0.015 M NH4F, 0.013 M HNO3, 0.001 M  
EDTA.(Mehlich, 1984) 
Morgan: (0.72 M NaOAc + 0.52 M CH3COOH). 
Modified Morgan: (0.62 M NH4OH + 1.25 M CH3COOH). 
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Sequential P Fractionation 
Soil P was extracted sequentially with H2O, 0.5M NaHCO3, 0.1M NaOH and 1M HCl 
following the procedure of Kashem et al. 2004 (Table 2.2). First, 0.5g of soil sample was placed 
into a 50-mL polypropylene centrifuge tube and 30 mL of distilled deionized water was added. 
The soil solutions were shaken in reciprocating shaker for 16 hours. Samples were centrifuged, 
and filtered. To the soil residue left after extraction with water, 30 mL of 0.5M NaHCO3 solution 
(adjusted to pH 8.5) was added. The solution was shaken for 16 hours, centrifuged and filtered. 
Third, 30 mL of 0.1M NaOH solution was added to the soil residues left after extraction with 
NaHCO3. The solution was shaken, centrifuged and filtered. In the fourth step, 30 mL of 1M HCl 
was added to the soil residue, shaken, centrifuged and filtered. After each step the filtrates were 
separated into two aliquots; one for the determination of total (inorganic + organic) P by ICP and 
one for the determination of dissolved inorganic P. Inorganic P was determined colorimetrically 
at 880 nm using a Cary 50 UV Spectrophotometer (Varian, Inc., Palo Alto, CA, USA) as 
molybdate reactive P using the ascorbic acid method (Murphy and Riley, 1962). The detection 
limit was 0.1 mg/L of P (Pierzynski, 2000). Organic P was calculated as the difference between 
total P and molybdate reactive P. All extractions were performed in duplicate. 
Table 2.2 Sequential P fractionation, P forms extracted and relative availability (Welsh, 2008). 
Order Extractant P form Availability 
1 Water Inorganic P highly available High 
2 Sodium bicarbonate Inorganic P weakly bound to aluminum and iron, 
and organic P weakly bound to soil OM. 
High 
3 Sodium hydroxide Inorganic P tightly bound to aluminum and iron, 
and organic P tightly bound to soil OM. 
Moderate 
4 Hydrochloric acid Apatite-type inorganic P (Rock phosphate). Low 
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Total soil P was also determined after microwave digestion (MARS-5, CEM Corp. 
Matthews, NC). For this procedure, 0.5 g of soil sample was weighed into Teflon microwave 
digestion vessels. Then 9 mL of HNO3 and 3 mL of HCl was added to each. The vessels were 
sealed and heated to 175º C (5 min. ramp time) and held for 25 minutes at a pressure of 350 psi. 
After cooling, the vessel contents was diluted, filtered and analyzed for total P by ICP-OES. All 
extractions were performed in duplicate. 
Statistical Analysis 
The experimental design was a simple Randomized Complete Block with three 
replications (Blocks). The adjustable parameters Smax and KL were determined using PROC 
NLIN in SAS (version 9.3, SAS Institute, Cary, NC). The main effects of Block, Fertility and 
Usage systems on each measured parameter were evaluated using Type III Sums of Squares in 
the PROC GLM procedure in SAS 
Parameter = Block + Usages + Fertility (5) 
The interaction term Usages x Fertility was originally included in the model but was not 
significant and so was removed to increase error degrees of freedom. Least Significant 
Difference (LSD) tests were used for mean separations (α=0.05). 
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Results and Discussion 
3.1 General Soil Characteristics 
There was a significant (p<0.04) Block effect for pH, carbon and clay concentration 
(Appendix 1). Soil pH was lower in Block 1 (6.1) than in Block 2 and 3 in which both had equal 
pH of 6.4. Block 3 had the larger carbon percentage (4%) than the Block 1 (3.6%) or Block 2 
(3.2%). Clay concentration was larger in Block 1 (20.9%) than in Block 2 (11.3%) or Block 3 
(12.5%) (Appendix 1). Despite differences in clay concentration soil textural class was silt loam 
for all plots. These differences by Block likely reflect the different land use histories of these 
plots. The Block 2 was originally an apple orchard while other two were not. Also, soil OM 
declined drastically in Block 2 after cultivation in 1999. And it took 5 years before OM returned 
to levels where Block 2 started and as much as 6-10 years to catch up with Blocks 1 and 3 
(Personal communication, Dr. James Kotcon). The only soil characterization parameter 
significantly affected by Usage systems was carbon concentration (p=0.09) (Table 3.1). Carbon 
concentration in the Buffer treatment was lower than the Pasture treatment but not the Hay 
treatment (Table 3.2). The Fertility treatment had a significant effect on soil pH (p=0.08) (Table 
3.1).  
Table 3.1: ANOVA P-values for Soil pH, Electrical Conductivity (EC), total carbon and 
nitrogen, aluminum (Alox) and iron (Feox) oxide concentration, percent clay and organic matter 
(OM) for soils in Pasture, Buffer and Hay forage Usage systems at High and Low fertility levels. 
Main Effects Parameters 
pH EC Carbon Nitrogen Alox Feox Clay OM 
Usages 0.39 0.90 0.09 0.65 0.76 0.62 0.86 0.15 
Fertility 0.08 0.21 0.44 0.64 0.56 0.99 0.98 0.61 
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The high fertility plot had a lower pH (6.2) than the low fertility plot (pH=6.4) (Table 
3.2).  This might be due to the larger number of animals which produced more animal urine and 
waste. The volatilization of NH3 (present in urine) is an acidifying process and is thought to 
cause the decrease in soil pH in the high fertility plot. Watson and Lapins (1969) also suggested 
that volatilization of NH3 was responsible for a decrease in soil pH after the initial increase due 
to urine application. It is important to mention that soil pH has not decreased over many years 
and remained high (Appendix 5). This might be because there has not been a lot of crop removal 
and so base cation concentrations are not decreasing. There was no effect of Block, Usage 
systems or Fertility on any other soil characterization parameter. Also, the results suggest that 
plot specific liming requirement curve may be necessary for the application of lime since there 
was a difference in pH with respect to Block and Fertility. 
Table 3.2: Soil pH, Electrical Conductivity (EC), total Carbon and Nitrogen, Aluminum (Alox) 
and Iron (Feox) oxide concentration, percent clay and organic matter (OM) for soils in Pasture, 
Buffer and Hay forage Usage systems at High and Low fertility levels.  
 
Main Effects 
 
Level 
Parameters 
pH EC Carbon Nitrogen Alox Feox Clay OM Texture 
   dS/m % % mg/kg mg/kg % %  
Usages Pasture 6.4
a
 175
a
 3.8
a
 0.26
a
 968
a
 2150
a
 14.4
a
 8.3
a
 Silt loam 
Buffer 6.3
a
 186
a
 3.3
b
 0.24
a
 1020
a
 2250
a
 14.9
a
 8.3
a
 Silt loam 
Hay 6.3
a
 175
a
 3.7
ab
 0.25
a
 946
a
 2430
a
 15.6
a
 7.8
a
 Silt loam 
LSD (0.05)  0.23 65.5 0.54 0.053 214.4 633.8 4.9 0.17  
Fertility High 6.2
a
 162
a
 3.5
a
 0.24
a
 954
a
 2280
a
 14.9
a
 7.4
a
 Silt loam 
Low 6.4a 195a 3.7a 0.25a 1001a 2280a 14.9a 8.4a Silt loam 
LSD (0.05)  0.19 53.5 0.44 0.043 175.0 517.5 3.9 0.14  
Different letters indicate significant difference within a Main Effect at α <0.05; n=3 (blocks). 
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3.2 Nutrient concentrations 
3.2.1 Overall Fertility by Mehlich 1 
There was a significant Block effect for Mehlich 1 extractable Mg (p = 0.0042) and Ca (p 
= 0.005) (Appendix 2). Mehlich 1 extractable Mg was lower in Block 1 (125 mg/kg) than in 
Block 2 (145 mg/kg) or Block 3 (146 mg/kg) (Appendix 3). Calcium also followed the same 
pattern as that of Mg. Calcium concentration for Blocks 1, 2 and 3 was 1618, 1641 and 2095 
mg/kg respectively (Appendix 3).  
The Fertility treatment had a significant effect on Mehlich-1 extractable calcium 
(p=0.038) and potassium (p=0.0004) (Table 3.3). The high fertility plot had a higher Ca 
concentration (1919 mg/kg) than the low fertility plot (1651 mg/kg) and more K (250 mg/kg) 
than did the low fertility treatment (197 mg/kg) (Table 3.4). Mehlich 1 extractable P for both 
forage Usage systems and Fertility treatments fell in the low soil test category (Savoy, 2009) 
which suggests that the application of P would increase productivity. Mehlich 1 extractable K 
concentrations were in the high to very high soil test categories. 
Table 3.3. ANOVA model p-values for the effects of Usage systems and Fertility on Mehlich 1 
extractable Mg, Ca, K and P. 
Element Usages Fertility 
Mg 0.003 0.132 
Ca 0.472 0.038 
K 0.003 0.0004 
P 0.005 0.273 
 
 Mg concentration in the Buffer treatment was lower than the Pasture but not the Hay 
(Table 3.4). Pasture had highest K concentration (258 mg/kg) than Hay and Buffer respectively. 
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Pastures showed higher amount of P (8.3 mg/kg, Table 3.4) followed by Hay fields (7.1 mg/kg) 
and then the Buffer (5.1 mg/kg). Since animals are grazed over the Pastures for all year long 
except winter, the animal based manure might be the reason for the larger P in the Pasture Usage. 
Studies have shown an increase in P and K due to application of animal based compost (Evans 
and McGuire, 1990).  
Table 3.4: Mehlich 1 extractable soil nutrient concentrations for Mg, Ca, K and P by Usage 
systems (Pasture, Buffer and Hay) and Fertility (High and Low) treatments. 
Main Effects Levels 
Nutrient concentrations 
Mg Ca K P 
  ……………………mg/kg………………… 
Usages Pasture 153
a
 1888
a
 258
a
 8.3
a
 
 Buffer 131
b
 1761
a
 206
b
 5.1
b
 
 Hay 134
ab
 1706
a
 207
ab
 7.1
ab
 
LSD (0.05)  21.0 489.3 53.1 3.1 
Fertility High 143
a
 1919
a
 250
a
 7.2
a
 
 Low 135
a
 1651
b
 197
b
 6.4
a
 
LSD (0.05)  17.2 399.5 43.3 2.5 
Different letters indicate significant difference at α <0.05 among extractants  
within each main effects; n=3 (blocks). 
 
Mean soil nutrient concentrations for Mg, Ca, K and P extracted with Mehlich 3, Morgan 
and Modified Morgan extractions and corresponding p-values are presented in Appendix 2. For 
comparison Mehlich 3 (Savoy, 2009), Morgan and Modified Morgan (Jokela, 2001) Soil Test 
extractable P would all fall into the low soil test category for all Usage systems and Fertility 
treatments. 
3.2.2 Comparison of P Extractants 
There was no significant effect of Block or Fertility on P extracted by the soil test 
methods evaluated (Appendix 2 and Table 3.5). There were significant differences in Mehlich 1 
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extractable P (p=0.005) and Morgan extractable P (p=0.084) with respect to Usage systems 
(Table 3.5). Pastures had higher concentrations of Mehlich 1 P (8.3 mg/kg, Table 3.6) followed 
by Hay (7.1 mg/kg) and then the Buffer (5.1 mg/kg). A similar pattern was found for Morgan 
extractable P; Morgan P concentrations for Pasture, Hay and Buffer were 2.8, 2.2 and 1.9 mg/kg 
respectively (Table 3.6). 
Table 3.5. ANOVA model p-values for the effects of Usage systems and Fertility on Mehlich 1, 
Mehlich 3, Morgan and Modified Morgan extractable P. 
Methods Usages Fertility 
Mehlich 1 0.005 0.273 
Mehlich 3 0.280 0.977 
Morgan 0.084 0.342 
Modified Morgan 0.434 0.296 
 
There were significant positive relationships between Mehlich 1 extracted P and Mehlich 
3 (p <0.0001, Figure 3.1), Morgan (p<0.0001, Figure 3.2) and Modified Morgan extracted 
phosphorus (p<0.0001, Figure 3.3). However, the R
2
 values were generally low (0.51 – 0.79). 
Franklin and Duis (2004) found the equation as M3 P = 1.45 M1 P +10.79 (R
2
=0.90) while 
studying correlations of Mehlich 1 and 3 extractable plant nutrients in South Carolina soils. Also, 
Mehlich 3 extracted more P than the Mehlich 1 which is consistent with the results obtained by 
Sims (1989). The high extractability of P by M3, relative to M1, might be due to the fluoride 
component that enhances the removal of P from iron and aluminum phosphates. 
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Table 3.6: Mehlich 1, Mehlich 3, Morgan and Modified Morgan extractable soil P concentrations 
by  Usage systems (Pasture, Buffer and Hay) and Fertility (High and Low) treatments. 
Main Effects Levels 
Nutrient concentrations 
Mehlich-1 Mehlich-3 Morgan Modified Morgan 
  ………………………mg/kg……………………………….. 
Usages Pasture 8.3
a
 9.7
a
 2.8
a
 4.1
a
 
 Buffer 5.1
b
 6.5
a
 1.9
a
 3.1
a
 
 Hay 7.1
ab
 7.9
a
 2.2
a
 3.9
a
 
LSD (0.05)  3.1 4.2 0.81 1.7 
Fertility High 7.2
a
 8.1
a
 2.2
a
 4.1
a
 
 Low 6.4
a
 8.1
a
 2.5
a
 3.4
a
 
LSD (0.05)  2.5 3.4 0.62 1.4 
Different letters indicate significant difference at α <0.05 among extractants  
within each main effects; n=3 (blocks) 
 
The relationships between all other soil test methods were all positive but R
2 
values 
ranged from 0.41 for Mehlich 3 and Morgan to 0.18 for Morgan and Modified Morgan. (Figures 
3.4 – 3.6).  
 
 Figure 3.1: Relationship between Mehlich 3 and Mehlich 1 extractable P. 
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 Figure 3.2: Relationship between Morgan and Mehlich 1 extractable P. 
 
 Figure 3.3: Relationship between Modified Morgan and Mehlich 1  extractable P. 
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 Figure 3.4: Relationship between Mehlich 3 and Morgan extractable P. 
 
 Figure 3.5: Relationship between Modified Morgan and Mehlich 3 extractable P. 
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 Figure 3.6: Relationship between Modified Morgan and Morgan  extractable P. 
3.3 Phosphorus Sequential Fractionation 
There was no significant effect of Block or Fertility on sequentially extracted P fractions 
(Appendix 4 and Table 3.7). There was an effect (p = 0.120) of Usage systems on water soluble 
P (Table 3.7). Water soluble P concentrations in Pasture (16.5 mg/kg) were larger than for Buffer 
(12.3 mg/kg) but not Hay (14.5 mg/kg). Sequentially extracted P-fraction concentrations 
followed the order: NaOH P > NaHCO3 P > HCl P > H2O P (Table 3.8). This trend is similar to 
those found by Kashem et al. 2004. It is said that all of H2O extracted P and part of NaHCO3 
extracted P is available to plants. 
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Table 3.7: ANOVA model p-values for the effects of Usage systems and Fertility of H2O, 
NaHCO3, NaOH and HCl fractions of P extracted sequentially in Pasture, Buffer and Hay forage 
Usage systems at High and Low fertility levels. 
Parameter Usages Fertility 
H2O PTotal 0.12 0.64 
NaHCO3 PTotal 0.97 0.80 
NaOH PTotal 0.86 0.76 
NaOH P inorg 0.77 0.84 
HCl PTotal 0.25 0.31 
Total P 0.53 0.48 
Total Extractable 0.79 0.94 
Total Non-extractable 0.47 0.29 
 
The sum of all sequentially extracted P fractions ranged from 42 to 45 percent of Total P 
(Table 3.8). Thus a significant portion of the soil P is not available to plants. Also, among the 
available portion, only a small concentration of P exists in the soil solution for biological uptake 
(Pierzynski et al., 2000). Thus, P may have relatively high total concentrations in soils but in 
many cases it is immobilized and unavailable to plants.  
The concentrations of inorganic P were too low to determine using ammonium molybdate 
in any fraction other than the NaOH extract (Table 3.8). This was likely a consequence of the 
overall low P concentrations in these soils. Only the inorganic NaOH extracted P was above the 
detection limit. We were not able to find inorganically extracted H2O, NaHCO3 and HCl P in 
these grasslands soils since the amount was not detected by the spectrophotometer. This suggests 
that the total P extracted is in the organic portion of the fraction which is not available to plants. 
These results are similar to the results found by Cross and Schlesinger (1995); Guo et al (2000) 
and Sharpley et al (2004). They suggested that moderately labile NaHCO3-Po and less labile 
NaOH-Po have greater relevance in unfertilized or low P soils. Soils under Pasture may contain 
50% (Donald and Williams, 1954) to 84% (Dalal, 1977) of the total phosphorus in an organic 
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form. The lower labile P might be due to lower total extractable P. This is consistent with the 
results found by Gagnon et al (2012) and Herlihy and McGrath (2006). 
Table 3.8: Mean values for H2O, NaHCO3, NaOH and HCl sequentially extracted P-fractions in 
Pasture, Buffer and Hay forage Usage systems at High and Low fertility levels.  
Main Effects Level 
Parameters 
H2O  
Total 
NaHCO3 
Total 
NaOH 
Total 
NaOH 
Inorganic 
HCl 
Total 
Sum of 
Extractable 
Total 
P 
                  ………………………………mg/kg.…………………………………….. 
Usages Pasture 16.5
a
  
(2.8) 
41.2
a
 
(6.9) 
163
a
 
(27.2) 
110
a
 
(18.4) 
33.2
a
 
(5.5) 
254
a
 
(42.4) 
599
a
 
 
 Buffer 12.3
a
 
(2.3) 
40.1
a
 
(7.5) 
156
a
 
(29.0) 
108
a
 
(20.2) 
25.5
a
 
(4.7) 
234
a
 
(43.5) 
538
a
 
 
 Hay 14.5
a
 
(2.6) 
41.7
a
 
(7.4) 
166
a
 
(29.5) 
103
a
 
(18.3) 
25.4
a
 
(4.5) 
247
a
 
(44.0) 
562
a
 
 
LSD (0.05)  4.1 13.5 40.4 21.9 11.1 64.3 115.7 
Fertility Low 14.0
a
 
(2.4) 
41.4
a
 
(7.1) 
164
a
 
(28.2) 
108
a
 
(18.6) 
25.9
a
 
(4.4) 
244
a
 
(42.0) 
582
a
 
 
 High 14.8
a
 
(2.7) 
41.7
a
 
(7.6) 
160
a
 
(28.9) 
106
a
 
(19.3) 
30.2
a
 
(5.5) 
246
a
 
(44.7) 
550
a
 
 
LSD (0.05)  3.4 11.0 33.0 17.9 9.02 52.5 94.5 
Same letters indicates no difference and different letters indicate significant difference at 
P<0.05.Values in parentheses represent percentage of total P. 
 
3.4 Relationship between Extractable P and Soil Test methods. 
Water extracted P was correlated with Mehlich 1 (p<0.0001), Mehlich 3 (p<0.0001), 
Morgan (p=0.0069) and Modified Morgan (p=0.038) extracted P with r values of 0.72, 0.82, 0.44 
and 0.35 respectively (Table 3.9). Bicarbonate extracted P was also significant with all four 
methods. The Pearson correlation coefficient for Bicarbonate P was highest for Mehlich 1 (0.67) 
followed by Mehlich 3 (0.63), Modified Morgan (0.56) and Morgan (0.30). The correlation 
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between NaOH extracted P was significant with Mehlich 1 (p=0.0002), Mehlich 3 (p=0.00042) 
and Modified Morgan extracted P (p=0.00015) and Morgan P (p=0.03). A similar trend was 
found for HCl extractable P and total P. The highest r values were for water extractable P and 
soil extraction methods (Mehlich 1 and Mehlich 3) suggesting that these methods are good 
estimates of soluble P loss from the soil (Haygarth et al, 1988).  
Table 3.9: Pearson correlation coefficients (r) for sequentially extracted P fractions and total 
extractable P with each and extractable P from each soil test method. 
Extraction methods 
H2O 
Extractable 
NaHCO3 
Extractable 
NaOH 
Extractable 
HCL 
Extractable Total P 
Mehlich 1 0.72 0.67 0.60 0.65 0.65 
 (p<0.0001) (p<0.0001) (p=0.002) (p<0.0001) (p<0.0001) 
Mehlich 3 0.82 0.63 0.56 0.41 0.4 
 (p<0.0001) (p<0.0001) (p=0.00042) (p=0.01) (p=0.014) 
Morgan 0.44 0.30 0.36 0.29 0.27 
 (p=0.0069) (p=0.051) (p=0.03) (p=0.08) (p=0.109) 
Modified Morgan 0.35 0.563 0.59 0.54 0.66 
 (p=0.038) (p=0.0003) (p=0.00015) (p=0.0007) (p<0.0001) 
Values in parentheses represents p values. 
 
3.5 Phosphorus Sorption Parameters 
There was a significant (p = 0.07) Block effect for maximum sorption (MX) (Appendix 
5). The maximum sorption was found to be lower in Block 1 (388 mg/kg) than Block 3 (634 
mg/kg) (Appendix 5). No effect of Block was seen for KL. The MX values were 430, 508 and 
494 mg kg
-1
 for Pasture, Buffer and Hay forage Usage systems respectively (Table 3.11). 
Although carbon content of the Buffer treatment was significantly lower (Table 3.2) than the 
Pasture and Hay, there was no significant difference of MX with respect to Usages. Similar 
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findings were reported by Tsado et al (2012). The sorption curve for all Usage systems together 
is shown in figure 3.7. 
 
 Figure 3.7: Sorption Isotherms for various Usage systems. 
 
The Fertility treatment had a significant effect on maximum sorption (p=0.014) and 
Langmuir sorption constant (p=0.071) (Table 3.10). The high fertility treatment had a lower MX 
value (355 mg/kg) than the low fertility plot (600 mg/kg) (Table 3.11). But in regards to the 
sorption constant, the high fertility treatment had a larger KL (0.24 L/mg) than did the low 
fertility treatment (0.09 L/mg). Although there were no significant differences in any soil 
properties measured expected to affect sorption of P, there was a difference in MX values in the 
low and high fertility treatments. However, because the available P concentration in these soils is 
not near the maximum sorption it is of less interest to us. The sorption curve for two fertility 
levels together is shown in Figure 3.8. In lower range P concentrations the two sorption curves 
tends to overlap, which suggests that within the range of P concentration we found in the plots 
there is no difference based on fertility. 
0
100
200
300
400
500
600
0 20 40 60 80 100
A
D
S
 (
m
g
/k
g
) 
Eq (mg/L) 
Buffer Usage
Hay Usage
Pasture Usage
34 
 
 
 Figure 3.8: Sorption Isotherms at low and high fertility. 
 
We were more interested in the Langmuir constant, KL. The KL values for Pasture, Buffer 
and Hay were 0.11, 0.24 and 0.15 L/mg respectively (Table 3.11). There was no significant 
difference in KL with respect to the Usage systems. KL differed with level of fertility (p=0.07, 
Table 3.10).  
Table 3.10: ANOVA model p-values on Maximum P capacity (MX) and Langmuir P-sorption 
constant (KL) for soils in Pasture, Buffer and Hay forage Usage systems at High and Low 
fertility levels.  
 
Main Effects 
Parameters 
KL MX 
Usages 0.372 0.736 
Fertility 0.071 0.014 
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Table 3.11: Maximum P capacity (MX) and Langmuir P-sorption constant (KL ) for soils in 
Pasture, Buffer and Hay forage Usage systems at High and Low fertility levels. 
 
Main Effects 
 
Level 
Parameters 
KL MX 
   mg/kg 
Usages Pasture 0.11
a
 430
a
 
Buffer 0.24
a
 508
a
 
Hay 0.15
a
 494
a
 
LSD (0.05)  0.20 227.4 
Fertility Low 0.09
a
 600
a
 
High 0.24
a
 355
b
 
LSD (0.05)  0.17 185.6 
Different letters indicate significant difference at α <0.05; n=3 (blocks)  
 
3.6 Effects of Fertilization on Soil Solution Phosphorus 
The effect of fertilization on availability of phosphorus in soil for various Usage systems 
and Fertility is shown in Figures 3.9 to 3.12. There was no significant difference in slopes for 
soil solution P concentrations after P addition due to Usages and Fertility. The results showed 
that the slope values were 0.87, 0.86 and 0.88 for Buffer, Hay and Pasture forage Usage systems 
respectively for the sorption processes (Table 3.12). The slopes for the fertility treatment 
regarding sorption were 0.84 and 0.9 for low and high fertility respectively. 
  Similarly, there was no significant difference in slopes for soil solution P concentrations 
after P desorption due to Usages and Fertility (Table 3.12).  
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Table 3.12: Regression model slope, lower and upper 95% confidence intervals (CI) for the 
effects of Usage systems and Fertility on sorption and desorption processes. 
 
Main Effects 
 
Level 
Parameters 
Process Slope Lower CI Upper CI 
Usages Pasture Sorption 0.88 0.84 0.91 
Buffer Sorption 0.87 0.84 0.91 
Hay Sorption 0.86 0.83 0.89 
Fertility Low Sorption 0.84 0.81 0.88 
High Sorption 0.90 0.87 0.93 
Usages Pasture Desorption 0.027 0.024 0.031 
 Buffer Desorption 0.027 0.019 0.036 
 Hay Desorption 0.023 0.018 0.028 
Fertility Low Desorption 0.028 0.022 0.033 
 High Desorption 0.024 0.016 0.032 
 
Thus, these results showed that most of the P applied in the soil is sorbed by the soil 
(very little in soil solution) and is not available to crops for all Usage systems (Figure 3.9) and at 
both Fertility levels (Figure 3.11). Desorption graphs showed that very little of sorbed P is 
released to the soil solution to be available to plants for all Usage systems (Figure 3.10) and 
Fertility (Figure 3.12). So, the replenishing ability of soils to supply P to soil solution is low. 
Therefore sorption isotherms overestimate the replenishing ability of soils. 
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 Figure 3.9: The effect of added P on soil solution P for for each Usage systems after sorption. 
 
Figure 3.10: The effect of added P on soil solution P for for each Usage systems after desorption. 
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Figure 3.11: The effect of added P on soil solution P at two fertility levels after sorption.  
 
Figure 3.12: The effect of added P on soil solution P at two fertility levels after desorption. 
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Conclusions 
This thesis aimed to evaluate the various P forms in Pasture, Buffer and Hay forage use at 
low and high fertility levels. It was found that sum of all sequentially extracted P fractions/forms 
ranged from 42 to 45 percent of total P. Thus a significant portion of the soil P was not 
extractable. Of the extractable portion, most was in an organic form which suggests that only a 
small concentration of P exists in the soil solution for biological uptake. No differences with 
respect to main effects were found.  
Phosphorus is an essential nutrient but most soils have the ability to act as sinks of P, 
binding P via sorption onto soil surfaces. This is an important mechanism in P-cycle but has not 
been formally studied in detail in organic grasslands. The Langmuir isotherm characterization 
showed that the soils from this grassland have high P sorption capacities.  
There was effect on Mehlich 1 and Morgan extracted P with respect to Usage systems. 
Fertility had no effect on P concentrations. All four common extractants used indicated that soil 
test P was in the low soil test category for all Usage systems and Fertility treatments. This 
suggests that the application of external P would increase productivity. A P application 
consistent with organic certification is recommended.  
The effects of fertilization on availability of P indicated that even when mineral P is 
added, much of that P is bound P in the soil and very little P remains in soil solution. This 
suggests that the mineralization of organic P is a key factor maintaining the productivity of these 
soils. There are mycorrhizal communities in the roots of the forage crops which suggests that 
mineralization process is taking place (Personal Communication, Dr. James Kotcon). This also 
supports our hypothesis. 
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We hypothesized that the difference in Mehlich 1 extractable P among the various 
Usages (Pasture > Hay > Buffer) was directly related to the concentrations and availability of 
soil organic P. The results of sequentially P fractionation supported this hypothesis. We found 
that Pasture had high extractable P followed by Hay and then Buffer. The Langmuir coefficient 
(KL) was highest for Buffer followed by Hay and Pasture. Since a larger KL indicates a high 
affinity of P for soil surfaces, the Usage Buffer had high affinity and so low extractable P. 
The system is sustainable and running properly (Personal Communication, Dr.William 
Bryan). Although there were no significant differences in nutrient concentrations in the soil; 
there were definitely differences in forage production with respect to fertility. Noexternal input 
has been applied in the plots since almost past 13 years but the system is running and producing 
livestock. 
The past results (given by Dr.Kotcon) showed that the “Fertility effect” was significant in 
most years, and there was Fertility- by- Usage interactions during initial years, driven primarily 
by the low values in that one treatment. This suggests that we have started with the differences 
from the beginning with respect to the treatments. Now, most parameters are levelled off and not 
many differences were found. 
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Appendices 
Appendix 1: Soil pH, Electrical Conductivity (EC), total Carbon and 
Nitrogen, Aluminum (Alox) and Iron (Feox) oxide concentration, 
percent clay, and organic matter (OM) for three Blocks along with p-
values. 
 
Main Effects 
 
Level 
Parameters 
pH EC Carbon Nitrogen Alox Feox Clay OM Texture 
   dS/m % % mg/kg mg/kg % %  
Block 1 6.1
b
 174
a
 3.6
ab
 0.23
a
 990
a
 2315
a
 20.9
a
 7.5
a
 Silt loam 
 2 6.4
a
 154
a
 3.2
b
 0.24
a
 905
a
 1978
a
 11.3
b
 9.1
a
 Silt loam 
 3 6.4
a
 207
a
 4.0
a
 0.26
a
 1037
a
 2539
a
 12.5
b
 7.8
a
 Silt loam 
p-values  0.04 0.24 0.03 0.32 0.42 0.20 0.002 0.24  
Different letters indicate significant difference within a Main Effect at α <0.05; n=3 (blocks). 
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Appendix 2: P-values for Mg, Ca, K, and P extracted with various extraction 
methods for Block, Usage systems, and Fertility effects. 
Extractant Element Block Usages Fertility 
Mehlich 1 Mg 0.004 0.003 0.132 
 Ca 0.005 0.472 0.038 
 K 0.713 0.003 0.0004 
 P 0.623 0.005 0.273 
Mehlich 3 Mg 0.046 0.091 0.511 
 Ca 0.116 0.501 0.172 
 K 0.712 0.031 0.018 
 P 0.791 0.280 0.977 
Morgan Mg 0.607 0.076 0.165 
 Ca 0.141 0.620 0.170 
 K 0.850 0.041 0.025 
 P 0.709 0.084 0.342 
Mod.-Morgan Mg 0.798 0.384 0.244 
 Ca 0.186 0.776 0.219 
 K 0.472 0.244 0.063 
 P 0.117 0.434 0.296 
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Appendix 3: Mean soil nutrient concentrations for Mg, Ca, K, and P extracted 
with Mehlich 1, Mehlich 3, Morgan, and Modified Morgan in Pasture, 
Buffer and Hay forage Usage systems at High and Low fertility levels 
for three blocks. 
Main Effects Levels 
Extraction 
methods 
Nutrient concentrations 
Mg Ca K P 
   ……………………mg/kg………………… 
Usages Pasture Mehlich 1 153
a
 1888
a
 258
a
 8.3
a
 
 Buffer  131
b
 1761
a
 206
a
 5.1
b
 
 Hay  134
ab
 1706
a
 207
a
 7.1
ab
 
Fertility High  143
a
 1919
a
 250
a
 7.2
a
 
 Low  135
a
 1651
a
 197
b
 6.4
a
 
Block 1  126
b
 1618
a
 217
a
 7.1
a
 
 2  145
a
 1641
a
 223
a
 6.3
a
 
 3  146
a
 2095
b
 231
a
 7.0
a
 
Usages Pasture Mehlich 3 91
a
 1339
a
 235
a
 9.7
a
 
 Buffer  76b 1153
a
 180
b
 6.5
a
 
 Hay  81
ab
 1180
a
 192
b
 7.9
a
 
Fertility High  84
a
 1322
a
 223
a
 8.1
a
 
 Low  81
a
 1126
a
 181
b
 8.1
a
 
Block 1  74
b
 1065
b
 193
a
 8.7
a
 
 2  92
a
 1174
ab
 206
a
 8.1
a
 
 3  82
ab
 1432
a
 207
a
 7.4
a
 
Usages Pasture Morgan 181
a
 2081
a
 303
a
 2.8
a
 
 Buffer  149
b
 1763
a
 240
b
 1.9
a
 
 Hay  161
ab
 1765
a
 265
ab
 2.2
a
 
Fertility High  171
a
 2088
a
 292
a
 2.2
a
 
 Low  156
a
 1652
a
 247
b
 2.5
a
 
Block 1  156
a
 1701
a
 270
a
 2.2
a
 
 2  166
a
 1588
a
 262
a
 2.5
a
 
 3  168
a
 2320
a
 274
a
 2.4
a
 
Usages Pasture Mod Morgan 171
a
 2026
a
 322
a
 4.1
a
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 Buffer  143
a
 1750
a
 257
a
 3.1
a
 
 Hay  158
a
 1771
a
 280
a
 3.9
a
 
Fertility High   167
a
 2076
a
 317
a
 4.1
a
 
 Low  148
a
 1622
a
 255
a
 3.4
a
 
Block 1  154
a
 1671
a
 299
a
 4.4
a
 
 2  153
a
 1545
a
 259
a
 2.8
a
 
 3  164
a
 2330
a
 299
a
 4.1
a
 
 
Different letters indicate significant difference at α <0.05 among extractants within each 
main effects; n=3 (blocks). 
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Appendix 4: Mean values for H2O, NaHCO3, NaOH and HCl sequentially 
extracted P-fractions for three Blocks along with p-values. 
Main 
Effects Level 
Parameters 
H2O  
Total 
NaHCO3 
Total 
NaOH 
Total 
NaOH 
Inorganic 
HCl 
Total 
Sum of 
Extractable 
Total P 
                  ………………………………mg/kg.…………………………………….. 
Blocks 1 15.7
a
 39.2
a
 167
a
 107
a
 26.1
a
 248
a
 580
a
 
 2 14.7
a
 41.0
a
 146
a
 106
a
 27.4
a
 230
a
 515
a
 
 3 12.9
a
 42.8
a
 171
a
 108
a
 30.6
a
 257
a
 604
a
 
p-values  0.37 0.85 0.40 0.97 0.66 0.64 0.27 
Same letters indicates no difference and different letters indicate significant difference at P<0.05. 
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Appendix 5: Maximum P capacity (MX) and Langmuir P-sorption constant 
(KL) for soils in three Blocks along with p-values. 
 
Main Effects 
 
Level 
Parameters 
KL MX 
   mg/kg 
Blocks 1 0.18
a
 388
b
 
 2 0.09
a
 411
ab
 
 3 0.22
a
 634
a
 
P-values  0.36 0.07 
Different letters indicate significant difference at α <0.05; n=3 (blocks)  
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Appendix 6: P sorption isotherms for each main effect.  
 
Phosphorus sorption isotherm for the Buffer treatment. 
 
 
Phosphorus sorption isotherm for the Hay treatment. 
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Phosphorus sorption isotherm for the Pasture treatment. 
 
 
Phosphorus sorption isotherm for High fertility treatment. 
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Phosphorus sorption isotherm for the Low fertility treatment. 
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